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Available online ▪ ▪ ▪AbstractIn this paper, we investigated physical characteristics of an artificial supercavity generated behind an axisymmetric cavitator. Experiments for
the same model were carried out at two different cavitation tunnels of the Chungnam National University and the University of Minnesota, and
the results were compared and verified with each other. We measured pressures inside the cavity and observed the cavity formation by using a
high-speed camera. Cavitation parameters were evaluated in considering blockage effects of the tunnel, and gravitational effects on supercavity
dimensions were examined. Cavity dimensions corresponding to the unbounded cavitation number were compared. In addition, we investigated
how artificial supercavitation develops according to the combination of injection positions and direction.
Copyright © 2016 Production and hosting by Elsevier B.V. on behalf of Society of Naval Architects of Korea. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The concept of supercavitation was originally proposed
about six decades ago to avoid partial cavities, which result in
many harmful consequences such as erosion and noise on
marine propellers and turbomachinery. In the inevitable
occurrence of cavitation, the creation of supercavity is favor-
able because of its steadiness and calmness. Focusing on
natural supercavitation, many experiments were conducted
and various empirical models for analysis of supercavities
were proposed. Waid (1957) first measured profiles of two-
dimensional symmetric supercavities generated from a flat
plate and various shaped wedges. Self and Ripken (1955)
showed typical features of axisymmetric supercavities ob-
tained in a vertical water tunnel for spheres and disks. During* Corresponding author.
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CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).this period, experiments were conducted in a free jet flow
facility, where there are no blockage effects, and thus very low
values of the cavitation number could be attained. Klose and
Acosta (1965) measured cavity shapes on 45 cones and also
obtained drag coefficients for circular disks in the closed test
section of the water tunnel. However, wall interference was not
taken into account and accordingly the data were biased to-
wards smaller measured forces and longer cavity lengths as
compared to an unbounded flow at the same cavitation num-
ber. A thorough review and summary of the findings of this era
is presented in Knapp et al. (1979).
In recent years, supercavitation has again attracted interest
and attention for practical advantages in drag reduction of
underwater vehicles. As a submerged object travels at very
high speeds and a vaporous cavity grows to cover the entire
body, it is called as a natural supercavity. A supercavity can
also be formed by injecting gas into the low pressure regions
on the front part of a body, also termed as a ventilated or an
artificial supercavity. Both types of supercavities appear to beon of artificial supercavitation generated by air injection behind disk-shaped
016), http://dx.doi.org/10.1016/j.ijnaoe.2016.10.006
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Nomenclature
Cq Air entrainment coefficient
dc Diameter of the cavitator
dt Distance between two vortices
D Equivalent diameter of the tunnel test section
Ds Maximum diameter of the supercavity
D/dc Blockage ratio
Fn Froude number
g Gravitational constant
Pc Pressure inside the cavity
Pv Vapor pressure of liquid
P∞ Freestream ambient pressure
_Q Volumetric air flow rate
U∞ Freestream velocity
G Circulation
r Fluid density
sc Artificial cavitation number
smin Minimum cavitation number
sn Natural cavitation number
s∞ Unbounded cavitation number
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biggest difference between the two is the effect of gravity.
Artificial supercavitation can be generated at relatively lower
speeds than the natural case for given conditions, thereby
making Froude number effects significant. Semenenko (2001)
provided some basic aspects and a mathematical model of the
unsteady axisymmetric supercavity. Recently, Kim and Ahn
(2015) developed a viscous potential method to predict three
dimensional axisymmetric supercavitation and compared the
results with experiments. Many experiments have been con-
ducted at Saint Anthony Falls Laboratory (SAFL) of the
University of Minnesota. The SAFL cavitation tunnel has a
special feature of discharging injected gas, which makes it
very effective for carrying out ventilation experiments. Using
this facility, Kawakami and Arndt (2011) investigated artificial
supercavitation behind disk shaped cavitators and showed
supercavity shape, closure and ventilation requirements cor-
responding to Froude numbers. Karn et al. (2015, 2016) also
presented closure modes of ventilated supercavitation in
steady and unsteady flows.
One of the main focus of the present study is to find and
confirm main features of the artificial supercavity through
experiments conducted at two different cavitation tunnels. The
CNU CT has a similar capability to remove injected gas as the
SAFL CT; it has a gas collector upstream of the inlet to the test
section, allowing for removal of large amounts of air during
the experiment. In consideration of blockage effects of the
tunnel, same scale models were considered. The results of
both facilities were in good agreement. One of key factors in
experiments was to measure the pressure inside the cavity for
estimation of the artificial cavitation number. Using absolute
pressure sensors, we directly measured pressures inside thePlease cite this article in press as: Ahn, B.-K., et al., An experimental investigati
cavitators, International Journal of Naval Architecture and Ocean Engineering (2cavity and also observed the cavity formation in detail by
using a high-speed camera. Based on the pressure measure-
ments and high-speed images, hysteresis effects were carefully
examined and also gravitational effects on supercavity di-
mensions were investigated. In addition, the effect of air in-
jection direction and location was explored on the formation
of a supercavity.
2. Experimental apparatus2.1. Cavitation tunnel and blockage effectsCavitation is governed by the parameter defined in Eq. (1),
referred to as the cavitation number. A vaporous cavity is
naturally formed on the body by increasing the flow speed, or
by decreasing the pressure inside the cavitation tunnel. As the
cavitation number is gradually decreased, a partial cavity
grows longer and transitions into a supercavity.
sn ¼ P∞Pv1 =2rU2∞
ð1Þ
Based on the same principle, a supercavity can also be
attained by injecting gas into the low pressure regions and
making cavities to envelope the body. Artificially created
supercavities mainly depend on the amount of injected air and
the pressure inside the cavity. Especially, the influence of
gravity causes the cavity to deform and its tail to go up. The
phenomenon of artificial supercavitation (also known as
ventilated supercavitation) is characterized by the artificial
cavitation number and other parameters such as air entrain-
ment coefficient and Froude number, which are defined in Eqs.
(2)e(4). The key parameter of artificial supercavitation is
pressure inside the cavity, which is determined by injected gas
rate.
sc ¼ P∞Pc1 =2rU2∞
ð2Þ
Cq ¼
_Q
U∞d2c
ð3Þ
Fn ¼ U∞ﬃﬃﬃﬃﬃﬃﬃ
gdc
p ð4Þ
Contrary to the case of unbounded flow, when the super-
cavity is generated in a flow confined by the walls in tunnel
experiments, blockage effects should be considered. From the
mass conservation and the Bernoulli equation for steady and
incompressible flow, the critical value of the cavitation number
can be expressed as:
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
sminþ 1
p
¼ 1
1 ðDs=DÞ2
ð5Þ
Through numerical analysis, Tulin (1961) and Brennen
(1969) showed the relations between the minimum cavita-
tion and the blockage ratio. As the diameter of the supercavityon of artificial supercavitation generated by air injection behind disk-shaped
016), http://dx.doi.org/10.1016/j.ijnaoe.2016.10.006
Fig. 1. Cavitation tunnels; CNU CT (left) and SAFL CT (right).
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number reaches a minimum value. Assuming an axisymmetric
supercavity at infinite Froude number, Kalikov and
Sholomovich (1966) proposed that the unbounded cavitation
number can be expressed in the form of Eq. (6).
s∞ ¼ 2s
2
c  s2min
2sc
ð6Þ
Fig. 1 shows cavitation tunnels employed in our experi-
ments to study the variation of the parameters defined above.Table 1
Specifications and blockage ratios of both cavitation tunnels.
CNU CT SAFL CT
l00  100 Test section [mm] 190  190
112.8 D [mm] 214.4
20 m/s Vmax [m/s] 20 m/s
10.5 15.8 21.1 dc [mm] 20.0 30.0 40.0
10.72 7.15 5.36 D/dc 10.72 7.15 5.36
0.20 0.32 0.46 smin 0.20 0.32 0.46
Fig. 2. Predicted minimum cavitation numbers for given blockage ratios; D/
dc ¼ 10.72, 7.5 and 5.63.
Please cite this article in press as: Ahn, B.-K., et al., An experimental investigati
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Notably, the cross-sectional area of the CNU CT is almost
half that of the SAFL. We considered three cavitator models
with the same blockage ratio (D/dc). Here, D and dc are the
equivalent diameter of a circular test section with the same
area and the diameter of the cavitator respectively. There-
fore, the attainable minimum cavitation number for each
blockage ratio is same in both tunnels. Using Brennen's
result, the predicted minimum cavitation numbers for
different blockage ratios are shown in Fig. 2. Fig. 3 shows
the relation between the dynamic pressure and the pressure
difference measured at both tunnels. The results give that
each slope is equal to the minimum cavitation number for a
given blockage ratio.2.2. Test modelsThree disk-shaped cavitators with different sizes were
considered in our experiments. About 500 mm long and
10 mm diameter cylindrical pipe was connected to theFig. 3. Dynamic pressure versus pressure difference for three blockage ratios
measured at the CNU and SAFL CT.
on of artificial supercavitation generated by air injection behind disk-shaped
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Fig. 4. Cavitators and configurations of the test models; CNU (top) and SAFL (bottom).
Fig. 5. A schematic of the experimental set-up of the CNU CT.
Fig. 6. Typical features of the artificial supercavity; synchronized top view
(top), side view (middle) and schematic view of the twin-vortex formation
(bottom).
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a pipe from the outside of the tunnel and injected behind the
cavitator. Using absolute pressure sensors (Kulite, ETM-200-
375 pressure transducer), we measured the pressure inside
the cavity. Fig. 5 shows a schematic view of the experimental
set-up of the CNU CT. We recorded the growth process of the
supercavity by using high-speed cameras (Photron, Fastcam-
UX100) placed above and at the side of the test section. In
order to facilitate extracting cavity shapes more clearly, we
applied a shadow imaging technique to generate a high
contrast between supercavity and the water flow around it.
3. Results and discussion
As described earlier, artificial supercavitation is strongly
affected by gravity because it is generated at relatively lower
speed than natural supercavitation. So an originally axisym-
metric cavity is cambered upwards and its tail is divided into
two counter rotating vortices. Using the Bernoulli equation
and the KuttaeJukowski theorem, the distance between two
vortices (dt) is allowedly estimated as:
V¼ 4p
3
D2s l
8
; A¼ pDsl
4
ð7Þ
G¼
I
u$ds¼
Z l
0

u  uþdx¼ gA
U∞
ð8Þ
rgV¼ rGU∞dt ð9Þ
dt ¼ 2
3
DS ð10Þ
where A, V and G are the intersectional area, volume of the
cavity and a circulation resulted from the velocity difference
respectively. Here, it is assumed that the cavity is an
axisymmetric ellipsoid of maximum diameter Ds and length l.
Fig. 6 shows synchronized top and side views of a super-
cavity observed at the CNU CT. Referring to the above
equations and the schematic view of the twin-vortexPlease cite this article in press as: Ahn, B.-K., et al., An experimental investigati
cavitators, International Journal of Naval Architecture and Ocean Engineering (2formation, we can understand that the formation of the twin-
vortex and geometric features can be determined by the cav-
ity maximum diameter. The distance between two vortices (dt)
is allowedly proportional to the cavitator diameter (dc).on of artificial supercavitation generated by air injection behind disk-shaped
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Fig. 7. Typical formation process of the artificial supercavity (D/dc ¼ 7.15, Fn ¼ 15.24, CNU CT).
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Fig. 8. Gravitational effects (D/dc ¼ 14.29, Cq ¼ 0.16, CNU CT).
Fig. 9. Froude number v.s. minimum cavitation number (Cq ¼ 0.16).
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supercavity with respect to air entrainment coefficient (Cq).
Initially a short foamy cavity appears and grows thick and long
as injected air increases. This foamy cavity is closed by an
unstable wake flow of the cavitator and the rear part of the
cavity is re-entrained by the outer flow. As a result, toroidal
vortices are produced, and injected air evacuated. In this stage,
gravitational effects are not significant and the cavity is nearly
axisymmetric. As Cq increases more so the cavity pressure
increases, the foamy cavity becomes clear supercavity.
Gravitational effects can be seen according to the Froude
number; at low Froude numbers it appears strong and vice
versa. Fig. 8 shows the supercavity developed at different
Froude numbers. Here, Cq is the same for all cases. As shown
in the figure, the supercavity is more straightforward as the
Froude number increases by an increase in velocity. It is easy
to figure out this effect by observing the location of the closure
of the supercavity. The cavity closes above its centerline as
buoyancy effects are significant. In Fig. 9, cavitation numbers
are plotted against Froude numbers for all tested models. The
results of both tunnels show that as the Froude number
increased the cavitation number continually decreased until it
reached the minimum value dictated by blockage.
Fig. 10(a) shows the development and disappearance of the
supercavity as the air injection rate incrementally increases
and then decreases again for a period of time. In this process,
hysteresis effects appear. As the injection rate increases, the
cavitation number decreases and reaches to a minimum value.
At this minimum cavitation number, the clear supercavity
suddenly occurs and maintains the shape even if the injection
rate decreased. This means that the amount of injected air to
sustain a supercavity is less than the amount required to
generate it. In Fig. 10(b), we can see that the toroidal cavities
occur on the right portion of the curve by increasing Cq. At the
minimum cavitation number, clear supercavity with a twin
vortex appears and sustains the shape by decreasing Cq. It may
be a possible indicator of the mechanism of hysteresis effect.
This effect has been reviewed by many experts (Spurk, 2002;
Kinzel et al., 2009). Semenenko (2001) proposed a theory toPlease cite this article in press as: Ahn, B.-K., et al., An experimental investigati
cavitators, International Journal of Naval Architecture and Ocean Engineering (2explain the hysteresis effect. He explained that this effect is
related with the body curvature inside the cavity.
Kawakami and Arndt (2011) tested a backward facing
model and showed that this hysteric behavior also appears
equally without the presence of a body inside the cavity.
Recently, Karn et al. (2016), using a similar model have car-
ried out extensive experiments and provided physical insights
into the phenomenon of ventilation hysteresis. To find the
variation of pressure inside the cavity, an attempt at the CNU
CT was made to measure instantaneous pressures at two po-
sitions, relatively near and far from the cavitator. Measured
values are plotted against the cavitation number in Fig. 11. It
notes that as Cq increases, Pc1 that is exposed in near wake of
the cavitator and initially covered by the foam cavity contin-
uously increases to the minimum cavitation number, whereas
Pc2 that is exposed in far wake is fluctuating because it is
repeatedly covered and uncovered by the toroidal cavities. As
the cavitation number reaches a minimum, Pc1 and Pc2 areon of artificial supercavitation generated by air injection behind disk-shaped
016), http://dx.doi.org/10.1016/j.ijnaoe.2016.10.006
Fig. 10. Hysteresis effect (D/dc ¼ 7.15, CNU CT).
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shows the comparison of hysteresis effects observed at both
tunnels for four different Froude numbers; the lower the
Froude number the stronger the hysteresis effect. Figs. 14 and
15 show all images taken at both tunnels by using a shadow
imaging technique for D/dc ¼ 7.15 cavitator at different
Froude numbers. Slightly different behaviors were observed in
SAFL experiments for the case of Fn ¼ 18.45, which were
presumably caused because of unstable injection of air.Fig. 11. Pressure distributions inside the cavity measured at different positions (D/dc
from the cavitator respectively (CNU CT).
Please cite this article in press as: Ahn, B.-K., et al., An experimental investigati
cavitators, International Journal of Naval Architecture and Ocean Engineering (2Outlines of the cavity surface were extracted and maximum
diameters measured. Non-dimensional values corresponding
to the unbounded cavitation number (s∞) defined in Equation
(6) are shown in Fig. 13. Kim and Ahn (2015) developed a
numerical method to calculate forces coefficients and di-
mensions of an axisymmetric supercavity. Experimental re-
sults agreed well and also gave good agreement with the
predicted values of numerical analysis by Kim and Ahn
(2015).¼ 7.15, Fn ¼ 15.24); positions of Pc1 and Pc2 are 16.5 mm and 111.5 mm away
on of artificial supercavitation generated by air injection behind disk-shaped
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Fig. 12. Comparison of hysteresis effects observed at the CNU and SAFL CT
(D/dc ¼ 7.15).
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the CNU CT only. Different combinations between the
cavitator and injection unit were tested, and most typical
cases are shown in Fig. 16; air was injected horizontally to
the flow direction in the first model and injected vertically
at a little back of the cavitator in the second model. Here,
the same amount of air was injected in both cases. It shows
that horizontally injected air makes a clear supercavity,
however, vertical injection doesn't work. Because air is
injected apart from the wake of the cavitator and it just
leaks not making the supercavity. In addition, three
different injection combinations such as vertical-horizontal,
vertical only and horizontal only at two different positions
were examined as shown in Fig. 17. Time to take for theFig. 13. Comparison of the maximum cavity d
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Contrary to expectation, the time for full growth was nearly
1.6 s and stayed almost the same for all cases. That is, if air
is injected close enough to the cavitator injection positions
and directions are not dominant factors to make the
supercavity.
4. Conclusions
Recently, artificial supercavitation has again attracted
attention because of its drag reduction capabilities for under-
water vehicles. Supercavitation is a very complex, multiphase
phenomenon. There are still many difficulties to tackle in
numerical simulations and also more experimental data are
required for their validation. However, such experiments can
effectively be carried out only in cavitation tunnels with spe-
cial capabilities of discharging injected gas for artificial
supercavitation.
In this paper, comparative experimental observations of
artificial supercavitation conducted at two different cavitation
tunnels were presented. In consideration of blockage effects
of the tunnel, same scale models were tested and it was
verified that the effect of blockage was to dictate the mini-
mum cavitation number. Typical characteristics of the artifi-
cial supercavity such as buoyance effects and hysteresis
effects were investigated and compared with each other.
Using two orthogonally placed high-speed cameras, the
development process of the supercavity was observed in
detail. Further, the pressures inside the cavity were measured
with respect to the amount of injected air. We showed that
pressures measured at different positions inside the cavity are
almost identical when a clear supercavity is maintained.
Cavity dimensions corresponding to the unbounded cavitation
number were in good agreement with each other and also
agreed well with the prediction. Finally, the effect of air in-
jection direction and location was explored on the formation
of the supercavity.iameter between the CNU and SAFL CT.
on of artificial supercavitation generated by air injection behind disk-shaped
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Fig. 14. Supercavity formation corresponding to four different Froude numbers (D/dc ¼ 7.15, CNU CT).
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Fig. 15. Supercavity formation corresponding to four different Froude numbers (D/dc ¼ 7.15, SAFL CT).
Fig. 16. Effects of injection directions (D/dc ¼ 14.29).
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Fig. 17. Effects of injection locations (D/dc ¼ 7.15, Cq ¼ 0.16, Fn ¼ 15.24).
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